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Standard model for Solar Flare
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Loop Top N0iE
Imada PhD thesis

. Cross field diffusion
Fermi acc.

Reci(m/rwction diffusion region Without energy changing

_> ‘_
Inflow
Slow shock
/ Magnetic__ ¢
Outiiow f?ld lines \d\ W\
TR
Fast shock

scattering

Loop-top hard
X-ray source

1. grad B -> break adiabatic invariant

Tsuneta, 1998 ApJ

2. Electric field -> max energy
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Flare Standard Model

96km/s

Rising plasmoid

R

Hot ridges

iwﬂ (not seen by SXT)

Upward reconnection outflow

8. Separatrix lines 1000 km/s

X-point

6.
Isothermal slow shocks

Downward reconnection outflow

Pressure Cool channel 1000 ks

(dyn/cm?’)
60

Reconnected
,, cooling loops
30 (Bright SXT loop)

Fast bow shock
(HXT, 58-90MK)

21-FEB-92 04:16:28-04:38:04
X-ray Pressure

Tsuneta et al., 1996

Flare standard model predict Hot (>20MK)
Alfvenic plasma flow (~1000km/s) above the flare loop.
Spectroscopic observation (EIS) is crucial for understanding.




2012 Jan 27 (18:15) GOES X1.7

17:30  18:00 18:30 19:00 19:30
2012 Jan 27

First Limb X-class flare
observed by Hinode.
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Flare occurred near East limb."

EIS performed Context scan +

Flare hunting.
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ATA 193 A
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AlA Observation of X-class Flare

193 A (1.5 or 15MK) 131 A (10MK) 94 A (8MK)

SDO AIAZ 183 27—-Jan—2012 18:15:22.030 UT S0O AIAT 131 27—-Jan—2012 18:15:23.220 UT SDO AIA4 94 27—-Jan—2012 18:15:26.120 UT
00T T T T TR (B R SR L L L L [ L L L L B ] {17+ IS L B ) .. 5L LD N L L Y L L L ]
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193 A images are very similar to those 131A.
Thus, the photons in 193 A images should be from FeXXIV during the event.

We confirmed 193 A image represent FeXXIV during this event from EIS obs.
Fast Supra-Arcade Downflows and Downflowing Loops were observed.




Supra-Arcade Downflowing Loops

ATA 193 A

350 km/sec

e

-

-
o))
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EIS

=N
-

Solar-Y (arcsec)
N
O
(-
position along slit (arcsec)

20
100
18:20:34 ‘_ 0 "
700 800 900 1000 0 8 16 24
Solar-X (arcsec) Elapsed Time from 18:15:22 (min)

SADLS speed is roughly 350km/s.
SADLS temperature ~30MK by ratio between 193/131A DN (>10).
EIS observe the flare with slit scanning.




EIS Observation
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Large non-thermal broadening
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EIS Flare Hunting Study Coverage

Survey Period ~730 days = 17520 hours
Total Flare Hunting hours = 2600 hours (15%)

15%: Flare Hunting Stud‘

85%: No OBS or Other stu




How many flares are observed by Flare
hunting study?
* 33 Major Flares (>M class) are Observed

e 2 Xclass are observed

Survey Period: 191 Major Flares were occurred
12 X-Class Flares were occurred

16.7%: Observed X-Class Flare17.3%: Observed Major Flare

ONO




Capability of Flare Hunting study

Survey Period: 191 Major Flares were occurred
EIS Flare Hunt Study Observed: 33 Major Flare

Observing Coverage Flare Hunting Capability
15%: Flare Hunting Study 17.3%: Observed Major Flare

- o

W W

85%: No OBS or Other study 82 7%: Not Observed
The capability is good!




Plasmas in universe

21—-Feb—1992
1 The East Limb

Pulser
magnetosphere

8 Intergalactlc ’ Solar flare |.

Stellar interior .
- Magngé @ @ ’
e' 1 Compara |l/e studies

[ Earth impa@rtant
4 _ Choromosphere -

i lonosphere Photosphere
2 P Molecularclouds
-10 0 10

|‘ J
Earth’s magnetosphere




Solar Corona and Earth’'s Magnetosphere

Solar corona (flare) Earth’s magnetosphere (substorm)

Typical scale = 10*5 km H Typical scale = 10"5 km
almost same

Macro-scale — Sun:10° km Earth:10° km same
Micro-scale — Sun:10°3km Earth:103km 6 order
Macro/Micro — Sun:108 Earth: 102 6 order

- | Macro/Micro is largely different!




Example of Energetic Electron acceleration
by MRX in Magnetosphere

1996 Dec 10 (17:00 ~ 19:00)

lo:c)

4
log (Flux)
(Electron =38k

(]

FLUXe: 38358 -

17:00 17:30 18:00 18:30 19:00
uT




Example of Energetic Electron acceleration
by MRX in Magnetosphere

1996 Dec 10 (17:00 ~ 19:00)
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Phase Space density (s*/ m%)
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Imada et al. 2011 JGR.
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Correlation between energetic electrons and
other plasma parameters

Energetic Electron Rate Te (keV)
5 N ~
S 4
=y
<
N
3 — r=-0.760 ¢
— r=-0.87 . --r=-0.70 _ --r=-0.77 _
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Reconnection electric ﬁeld 2001/08/25 flare

TRACE TRACE 1600 25—A0g—2001 16:36:04.000 UT
=300

Time variation of ribbon
along the slit

Figure from Asai ﬁ) (}:!
et al. 2004 i

Time 50 min.

B[G] | L[km]
Right | 500 | 40,000
Left | 700 | 50,000

Reconnection electric field:
E= VmB corona VfootB photosphere

[Qi1u et al. 2002, Isobe et al. 2002, Asai
et al. 2004 ]




Magnetic reconnection and particle
acceleration in Flare

N

Photon Spectral Index
w

7;; 16:44:04 °© 8 o oo%’o%
. o a = -0.68,-0.36,-0.52, ,—0.46

g N N N N MR | N N N N MR |

o 0.1 1.0 10.0

Electric Field in RCS [V cm™]

Flux

1 Harder electron spectrum when stronger
10 ooy Gy reconnection electric field in solar flares

X-ray spectrum observed by RHESSI [Liu et al., ApJ, 2008]
[Lin et al., ApJ, 2003]




Comparison between Solar and Earth’s

magnetosphere
b
Earth’s Magnetosphere Solar Corona
EMm (mV/m)
— »
S S
k=
o
4 3
Q C%- oS ST ;1:;:.,;‘%9 S ;c?:(,\#:
~ S 40: 00 © GO, 8
S — ] © :42: 2 5eag O S
3 r=-0.83 U N Q‘—? 16:44:04 °© 8 o ?%&Em\
--r=-0.76 o a= _.0'6.8’_.0'?6’._.0.'.52’ . ’_.0'4.6. o
1 5 10 0.1 1.0 10.0

Electric Field in RCS [V cm™]

Energetic electron acceleration are well related to
reconnection electric field in both of Earth’s
magnetosphere and Solar corona!




Current Sheet Thickness (km) Ti (keV) Te (keV)

g5 |
4 |
3 | .
— r=0.70 --r=-0.70 . - - r=-0.77 .
1000 5000 4 6 8 10 2 4 6 810

Estimate Current sheet thickness 1n solar
corona 1s difficult (almost impossible...)

Determine temperature in reconnection region 1s
also difficult... now trying with Hinode obs.




Ton accelerated reconnection event in

Earth’s mag
®X 7®

netotail -,
II — b, L=

A et —_— — diffusion region ~~ = i
: 4—5 (shaded) = i
- - — —
- Wind
trajectory

Hall magnetic fields

- Fast Alfvenic flow

- Weak magnetic field
- strong 10on/electron heating

- Hall magnetic field

irai et al. in prep.

3 1000
0
G 1004 T T T e
09:36 09:42 09:48 09:54 10:00 10:06
. 970225 time [hh:mm] | .
Observation example of reconnection by Geotail @(X, Y, Z)ssm = (-27, 6, -1) Ry




Observation of energetic ions in Earth’s
magnetotail

Energy spectrum of protons
_ observed by Geotail
spacecraft (LEP+EPIC) in the

Earth’s magnetotail

Diff Flux [1/(cm*2 s str kev)]

10°F :
| - I: Before the onset
1072} iy “’59 7 — II; After
1 0_4 1 1 "‘.‘. 1 1
0.1 1.0 10.0 100.0 1000.0

Energy [keV]
Reconnection outflow events: 1. Te>2.5keV and 2. V>1000km/s

Ion accelerated events: significant increase of energetic proton flux
above the background level

(Maximum potential drop in magnetosphere ~ a few hundred keV)

— Statistical study based on 16 1on accelerated reconnection events
observed by Geotail in 1993-1999.




Ton acceleration and reconnection electric
field in Earth’s magnetotail

8 : 8F
= -0.90 | = -
5 h r : . _ r 0.71
6 6F
: ¥ ] ] . +
E + .t E +
~ SE i {  spectral « s} R
4 - +”"‘~.'" + - index + + +
++_'|: 5 4 ' + o+
3 - i + 3 - ’ +
0.0001 0.0010 0.0100 0.1000 1
P [nPc] Ey [mV/m]
energy density of reconnection electric field

accelerated ions (>100keV)




Ton accelerated events in Solar corona:
Estimation of maximum energy

Estimated the maximum energy and

spectral index of accelerated ions
from time-of-flight method and

Mote-Carlo simulation.

Due | ey | Sy
200204{11/ 0.7 59
200215/08/ 0.6 40
20023é10/ 1.4 4.8

300¢ line y-ray 1
o 200 E
N - ]
€ r .
S r 1
8 E ]
100 =
0 fl_ M 1 1 1 1
17:20 17|:40 18:00 18:20 18:40
Time (UY) Hours from 2005-09-07/17:20:00

Pl 200sec — 400MeV

. x10

S, | Chacsitos
£255 Solar

3220

2152 NEULrons

210F A7:36.40 UT L

17:20 47:30  17:40  17:50 18:00 '?'8: '

Watanabe et al., ASR, 2009




Ton acceleration and reconnection electric field
in Solar corona

Observed neutron | Estimated | Estimated
total .
max. [spectral total electric max.
. proton
energy | index counts | EHEr8Y field energy
[GeV] [erg/sr] [V/cm] [GeV]
2000.11.24 0.7 5.2 |7.0x10°"| 1.8x10% 10 50
2001.8.25 0.6 4.0 |3.3x10°' 9.0x10** 14-15 60-70
2003.10.28 1.4 4.8 16.0x10°%| 1.6x10%° | 20-70 200-420




spectral index

Comparative study: Ion acceleration and
reconnection rate

r = —0.54

0.1
R .
reconnection rate

<> Solar corona
<> Earth’s magnetotail

Physical | Solar Earth’s
quantity | corona |[magnetotail

E [V/cm] 10 107
B [G] 10? 10
Vi [em/s]| 108 108

E/B 3x10™ 3x10

R 0.1 0.1

Particle acceleration rate 1s heavily
depend on Reconnection rate.
Maximum energy / Potential drop 1s
quite different between Sun and Earth.
Corona ~ 1%, Magnetosphere > 100%




SolarY (arcsec)

18:20:34
700 800 900 1000
SolaxX (arcsec)




T 0¢

A —

T N
< |g
= | i
= = S
S 2
o =
- o
o —
-
-AX-20 RE X -20 RE
BO (=1nT) Bz a B0 (=3 nT)

Bz=Bo[(a-1) (X+20+A x)/ A x+1]




GEOTAIL: Dawn-Dusk Asymmetry

Electric field

s
40keV ele
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Dawn-Dusk asymmetry

MeV lon 40 keV electron
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